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RESEARCH MEMORANDUM

CALCULATION OF INTERNAL. PRESSURES IN THE FUEL TUBE
OF A NUCLEAR REACTOR

By B. M. Rosenbaum and G. Allen

SUMMARY

General procedures for computing internal pressures in fuel tubes
of nuclear reactors are described and the effects on the pressure of
varying neutron flux, fissioning materisl, and operating temperature
are discussed. A general proof is given that during pile operation each
fission product is monotonically increasing and therefore a meximum
amount of &11 elements is present at the time of shutdown. The post-
shutdown bulld-up of elements that are held in check during pile oper-
ation because of theilr inordinately high capture cross .sectlons 1s
calculated quantitatively. An account of chemlcal interactlions between
the many fisslon-product elements and the resultlng effect on the total
pressure completes the discussion.

The general methods are illustrated by csleculations applied to a
system consisting of 90 percent enriched U235 in the form of voz
packed into & hollow metal cylinder or "pin", operating at a flux of
8x1014 at 2000° F. Calculations of the pressure inside a pin are made
with and without a sodium metal heat-transfer additive. The bulk of
the pressure is shown to depend on the four elements, xenon, krypton,
rubidium, and cesium; the amount of free oxygen, however, was also
slgnificant. For a shutdown time of 106 seconds, the pressure was
about 100 atmospheres.

INTRODUCTION

In some reactors of interest for power production, the U235 is
ih the form of & powder contalned within a sealed chember and it is
anticipated that a large part of the gases generated during fission
will collect in the chanmber and exert conslderable pressure on the
chamber walls. The pressure may be sufficient under some conditions %o
break the chamber walls. In order to provide some background for fuel-
tube design, an analysis of the factors contributing to internal pressure
in the fuel tubes of nuclear reactors has therefore been made at the
NACA Lewls leboratory and is presented herein.
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The problem 18 very complicated and it is convenient to break up
the calculations in the following manner in this report:

I. Calculation of Rumber of Atoms of Flssion-Product Elements
(a) Pile Operation Period
(b) Period Following Pile Shutdown
II. Calculation of Pressure
(a) Calculations of Chemical Composition
(b) Calculation of Pressure Contributions of Compounds

The considerations in part I are entirely physical and result in a
determination of the quantity of each and every material in the system
at every instant of time. In addition to the fisslon products, all
other substances present in the system such as heat-transfer additives

are included.

Part II involves chemical as well as physical computations, one of
the main aspects being s consideration of the chemical reactions occurr-
ing among the elements in part I at the operating temperature (or, after
plile shutdown, at temperatures below operating tepperature). This con~
sideration is of the utmost importance because it'.1s the equilibrium
composition of the mixture, not the free element, which determines the
Ppressure. '

Following an analysis bgsesed on the aforementioned general consider-
ations, an example illustrating the method is presented. In the example,
actual calculations are made of the pressure on the inside of a small
hollow cylinder (or pin as it will be called) packed with 90 percent
enriched U235 in the form of UO2. The operating temperature is taken
as 2000° F and calculstions are made both with and without liquid sodium
metal in the fuel pin as a heat-transfer materiel.

SYMBOLS

The followlng symbols are used in this report:

an A, + (av)og,
AF free energy of formation (keal/mol)
AR chenge in enthalpy (kecal/mol)

Mf,g molee of gaseous flssion product

2420
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Ne number of fissions per second
Np number of atoms of nth daughter
Bp,r number of atoms of n'? daughter, nl daughter radioective
Nn,s number of atoms of nth deughter, nth daughter stable
(nv) thermal nuetron flux (nmnber of th;rml neutrons)
cm®sec
pf,g pressure of gaseous fission product
R universal gas constant (1.986 cal/mol (©K))
AS change in entropy (eal/mol (°K))
m operating temperature (°K)
Ty boiling point (°K)
t time (sec)
£ variable of integration
Y, fission ylelds, mumber of atoms of n'B daughter formed per
fission
A, decay constent of nbth dsughter (sec™t)
o neutron capture cross section of nth daughter

ANATYSIS
I. Calculation of Number of Atoms of Fission-Product Elements
(2) Pile Operation Period

The equations and the calculations employed in this section are
well known and the number of atome of each fission product gt any time
during pile operation may be easily determined provided that sufficient
data on the quantitative chemlcal analysis of the fission products are
aveileble. Such data exist for U235 fission (references 1 and 2) and
for five other nuclear fuels (reference 3).

The number of atoms of a flssion product isotope is given by

h:1y
N, = E N (1)
n = n,l
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where

N number of atoms of isotope

n designates generatlon of daughters

i chaln considered

m total number of chains which give rise to N

The definlng equation for Nn,i is:

dn.
n,i
where
t time

Ny number of fissions per second
Y yield, number of atoms formed per fission

decay constant

On thermal neutron capture cross section (‘Eé%%i_o'ﬁ)
The solution to this equation may be written
t
Np,i = e 3% | p(er) ™1t ap (3)
0]
where

8n,q = >"n,i + ccn,i(nv)

F(t') = Np Yy g + A’n-l,i Fp-1,1

Wherever multiple parents or dsughters exist, the chain may be
split up into subchains, each of which are completely described by

equations (2) and (3).

The nth dsughter of the chain may be either radloactive, where-
upon it decays to the (n+1)5t dmughter of the chain; or stable

2420
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(hn,i = 0), whereupon it is the last daughter of the chain. Also,
dcn,i(nv) may be neglected in almost all cases. With this assumption,

equation (3) may be written as

- + )\,n i'b
Np,i,r =€ %1 F(t') e 77 as! (5.1)

or

Fp,i,s = F(t') at' | (3.2)
o

where the subscripts r and s designate radiocactive and steblie
isotopes, respectively.

At this point, it is worthwhile to note:

(1) The expressions for every Nn,1s whether stable or radiocactive,
all contain Np as a mulitiplicative factor. As a consequence, the
number of stoms of each fission product is directly proportional to Ne
with one exception. This exception occurs when the (nv)ccn term may

not be neglected, inasmuch as (nv) effects changes in the equation for
Npn,i1 other than as a simple multiplication factor.

(2) It is shown in appendix A thet, while the reactor is operating,
the number of atoms of every filsslon product increases monotonically,
becoming a maximum at shutdown. Therefore, the maximum pumber within the
pin will be developed either at the moment of shutdown or at some time
during the shutdown period. Since the assumption will be made that the
pressure 1s proportional to the number of atoms, calculation of the
numbers at shutdown time will suffice for obtaining a maximum during pile
operation.

In order to summerize the previous results, the method of calculating
the number of atoms of an isotope in the case where o,, i(HV) is
negligible follows: !

First, an explicit expression for an lsotope formed only by direct
fiesion is obtained. Here the hn-l N,.1 term in the integrand is

missing. If this isotope 1s stable, equation (3.2) yields the value of
the number of atoms of this isotope Ny,g at any time +. If this

isotope is radiocactive, 1t wlll be the parent of a radliocactive series
and the npumber of atoms Nb,r of this isotope is given by use of
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equation (3.1)}. To find the number of atoms of daughter K,, elther
equstion (3.1) or (3.2) 1s used, depending on whether the first daughter
is radloactive or stable. The expression found for Nb,r corresponds
to Np-1,r 1n arriving at a relation for M. This process is repeated

until the last isotope of the radiocactive chain 1s reached, which 1s
necessarlly stable.

(b) Pile Shutdown Period

During the pile shutdown period there is zero (nv) and therefore
no more fission takee place and the number of atoms 1s governed by the
ordipnary laws of radioactive decay. An equation of sufficlent generality
to cover this situation is

aN,

n

which is merely a modificetion of equation (2). If shutdown time 1s
taken as zero, the solution to this equation is given by

17
At Apt!?
B, = e Ny N,(tg) + e A3 Ny dt (3a)

0

where

Np number of atoms of nbB daughter of chain present in pin at

time t after shutdowm
t time after shutdown

Np(tg) number of atoms of nth  daughter of chain present in pin at
time tg of shutdown

Proceeding as was done in the pile operation period, equation (3a)
takes on two forms and notation similar to that employed 1in
equations (3.1) and (3.2) is employed to differentiate the two forms:

t
Nn,r = e-hnt Np,r(tg) + exnt' Mool Fpoq,p Gt (3.18)
o
and t
No,s = Fn,s{te) + | Mn-g Fpp,p a° (3.2a)

2420
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Equations (3.1a) and (3.2a) are used like equations (3.1) and (3.2)
to obtaln values of R, for amy element of a glven radloactive chain at
any time +t after plile shutdown.

IT. Calculation of Pressure
(g) Calculations of Chemical Composition

The problem of determlining the chemical composition of the mixture
of fission products at high temperatures 1s very complicated and perhsps
impossible at this time. In order to obtain reasomble results, simplify-
ing assumptions must be made. The assumptions which will be used hereln
are described in the following two cases:

(1) As & zeroth spproximation, the case of no chemical interactilons
of any kind may be assumed. The calculations for this case merely involve
adding up gll the numbers of atoms of each isotope found in part I to get
the number of atoms of element concerned. Each element is then assumed to
remain in uncomblned form. This includes any oxygen released from U0z
Pission or any possible alksll metal used as a8 heat-transfer medium. Tt
1s obvious that this case leads to a high meximum for the pressure.

(2) The following assumptions lead to a more realistic approximation:

(2) The chemical reactions that take plece are those with most
favorable free energles leading to the formation of simple two-element
compounds that are chenically stable at the operating temperature.

(b) A1l reactions take place until the supply of one of the
reacting elements is exhausted.

When explicit date are avallable, the free energy of formation will
be approximated by

AF = AHpgg - T ASpgg

where

kca.l)
mole
kcal)
mole,

LF free energy of fTormation (

Afpgg  heat of formation at 298° K (

P operating temperature (°K)

ASpgg  entropy of formation at 298° K (eal/9K)
All reactions for which lAFl is less than 10 will be neglected.
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The calculations of chemical composition are the same for plle
operation as for period followlng shutdown except that the drop in tem-
perature in the shutdown period must be considered. In practice, this
modification is relatively unimportant and the composition at the higher
temperature may be assumed throughout.

(o) Calculation of Pressure Contributions of Compounds

The assumption 1s made that the pressure, like the number of atoms
of fisslon-product isotope, increases monotonically during the operating
period. Actually, because of the different rates of formmtlion of wvarious
elements, the possibility of a pressure peak exists. However, this seems
unlikely.

In calculating the pressure exerted by those substances that can be
considered gases, the assumption ls made that the gases act in accordance
with the ideal gas law

PV = RT
where
P pressure
v free volume
R universal gas constant
by operating temperature (°K)

The pressure contributions of liquids or solids will be computed
from Clapeyron's equation, Trouton's rule being used to estimmte AH
when necessary.

The calculations will be the same for the pille-operating period
a8 for period following pile shutdown except thaet the drop in tempera-
ture during the shutdown perlod is very important and effects a con-
siderable pressure reduction.

Division of the problem 1n the predescribed msnner is useful
pedagoglcally because the lines of thought in the two sections of
Section I, are identical, whereas the considerations involved. in
Section II, are of an entirely different nature. However, the
analysis of part II will almost always show that a relatively small
number of elements are responsible for the pressure. For thils reason,
the computations wlll be shortened if the calculations of pile~
operation period are carried out completely and then the pile shutdown
calculations performed. Thus, the order of computation is: (1) Part I (a);

2420
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(2) Part II(a) and (b) applied to I(a); (3) Part I(b); 4 Part II(a) and
(b) applied to I(b). )

The example which follows illustrates this point well.

EXAMPLE OF CALCULATION OF FRESSURE

Conslder a pin contalning 90 percent enriched U23° as fuel in the
form of UOz. The internsl operating temperature is 2000° ¥, (nv) =

ax1014, Ne = 7.37X1013, and there remains 0.0638-cublc-~centimeter free

volume In each pin after loading it with 0.447 gram U0g &and 0.538 gram
of a hest-transfer material (liquid sodium metal). Shutdown time is
106 seconds. What is the maximm internal pressure developed?

In celculeting the amount of each fisslon product, references 1, 2,
and 3 were consulted. The theoretical number of atoms produced per
fission should be very close to 2.00 assuming two large fragments per
fission. On page 2437 of reference 1, there is a graph of percentage of
fission yield against msess number. A smooth curve has been drawn through
the experimental poilnits and the area under this curve is 197 percent,
indicating good agreement with the theoretical wvalue of 200 percent.
However, addition of sll the experimental points over 0.1 percent ylelds
116.88 percent, which is much too low. Many mass numbers &bove 0.1 per-
cent on the curve had not been reported as found. Several of these
missing points were subsequently reported in references 2 and 3. Addition
of all the polnts listed in reference 2 yields the value 166 percent but
meny of the points are theoretical. The latest available data (refer-
ence 3) have only 129 percent listed for experimentall]y determined
Pission products.

All the additional reported points lie very close to the curve.
Thus, the idea of assuming that the mass numbers not yet reported also
lie on the curve and contribute to the number of atoms in the proportion
indicated is a temptation. If the missing points are added (using the
revised curve on p. 2007 of reference 3) the total is 191.3 percent which
is very close to the theoretical value. At least, adding these points is
more reasonable than assuming that all the mass numbers were reported too
low in the ratio 1.66/2.00 (or 1.29/2.00) and correcting the results by
multiplying every value by 2.00/1.66 (or 2.00/1.29).

The known isotopes of the missing mass numbers were investigated
with the aid of reference 4 and the following conclusions regarding them
were drawn:

There is a possibility of about 0.3x1018 atoms of Xel28 ana

1.55x1018 atoms of Xelso. These numbers assume that all the missing
mass members 128 and 130 became xenon gae and are thus maxims.



10 NACA RM E5ZB28

In view of the lack of any more data, the proper assumption to
be made here is that the estimates of fission yleld are all too low and
are to be multiplied by the factor 2.00/1.91 or 1.045.

This procedure of £filling in the missing points on the curve to
determine the total number of all the atoms is the accepted one at
present (reference 5).

Unfortunately, reference 3 was published after all the computations
had been completed. Therefore, the values given in tables I, II, and IV
are those based on the data in reference 2, and have not been corrected
by the factor 1.045. Comparison with the data in reference 3 indicates
that it would not be profitable to recalculate the values in these
tables. ({See the last page of appendix B).

The one instance for which (nv)oe becomes appreciable occurs for
Xel3% whose thermal cross section for capture at this temperature is
about 1x108 barns. (reference 6). Celculations based on a value of
3X10% barns were made since that was the only value avallable at the
time. As is shown 1n table I, xel35 actually forms a negligible

portion of the total amount of xenon gas; therefore the consideration
regarding the (nv)o. term may be totally neglected in this example.

Details of calculations of typlcal values of the number of atoms of
fisslion-product lsotopes present after 106 seconds of operation are given
in appendix B. The nunber of atoms of each fission-product isotope in
each chain having a yleld of 0.1 percent or greater (reference 8) is
listed in table I.

Summation of all the values in a given column of table I ylelds
the number of atoms of fission-product elements present after 106 seconds
of operation. In addition to the actual fisslon-product elements, oxygen
is released upon the Ffissioning of U235, which was in the form of U0z,

and sodium is present as the heat-transfer medium.

The number of oxygen atcms released in the pin at the end of
108 seconds is given by multiplying the number of fissions occurring
in 106 seconds by 2 inasmuch as two oxygen atoms are released per
fission. Hence, at shutdown time, the number of oxygen atoms present
in each pin is equal to (7.37x101$X106)2 = 1.474x1020. The number of
atoms of sodium present 1s obtained by use of the given welght of sodlum.
A1l the resultse described in the preceding two paragraphs are found in
table II.

CALCULATION OF PRESSURES
Calculation of Chemlcal Composition

The free energles at 13660 K of the probable two-element compounds
that may be formed from the fission products and the sodium and oxygen

2420
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are given in table IIT (references 7, 8, and 9). For the halides, AF 1is
given in kilocalories per gram-atom of oxygen . In the case of the oxides
of technetium, rutheniuvm, rhodium, and palladium, general estimates were
employed and are indicated by the parentheses surrounding these estimmted
values.

On the basis of teble III, a 1ist of the most stable oxides of each
of the elements present in the pin with -AF1zgg5 g&reater than 10 kilo-
calories per gram-atom of oxygen may be established. This list is pre-
sented in order of decreasing AF:

Lagy0z (61)203 ZrOp Iny0z
¥203 Eup03 NbOz TeOg
Cep03 Smp03 Na0 Rbz0
Pry0z Sro Sbo0z Ceg0
Ndz0z Bao MoOg cdo

In considering the oxides that might form at 1366° X, the assumption
hag been made that those oxides having the more negative free energy of
formation at 1366° K will be present in the equilibrium composition and
the remsining oxides will not be present, if forming the former oxides
requires thaet the complete supply of free oxygen ln the pin be exhsasusted.

From table III, it can be noted that the free energy of the resulting
equiliibrium composition can be lowered most by assuming thet the alksali
metals combine with the halogens, bromine and iodine, rather than with the
oxygen. Cesium ls the element first to combine with the halogens. Inas-
mich as the quantity of cesium present in the pin at shutdown 1s more than
enough to exhsust completely the quantities of both bromine and iodine,
the only halogens assumed present in the pin at shutdowm are cesium
bromide and cesium iodide.

Teble IV shows the composition calculated on the basis of the pre-
cedling paragraph for case 1 where sodlum is present as the heat-transfer
medium and for cese 2 where a chemically inert material exerting no vapor
pressure is used as the heat-transfer wmedium.

Calculations of Pressure Contributions
For those substances that can be considered gases at 1366° K, the

ldeal gas law 1s assumed. Upon substltution of the given wvalues for
volume and temperature, it is found that
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Pg = 2.91x10-18 Mfg atmospheres *
where
pg pressure due to gas
Mfg m.olecules of gas

For the remalining substances, the vapor pressures were estimated by
means of the Clapeyron eguation

2420
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vhere Tp the boiling point in K. Where only Ty is known, AH was
estimated by Trouton's rule AH m¢ 21Tp. When neither Ty nor AH were
known, estimates were made based on similar compounds.

The vepor pressure exerted by a substance at 1366° K was considered
negligible if that pressure were less than or equal to 0.05 atmosphere.
Where the oxides are concerned,the +vepor pressures are negligible except
for Cd0 and the possible exceptlons of Naz0, Rbs0, and Csy0. The
oxides of these alkali metals do not have a true bolling point but rather
vaporize by dissociation to the metal and oxygen gas (references 8 and 9).
Calculations of their equllibrium pressure at 1366° K based on free-energy
data seem to indicate that these oxldes 4o possess vapor pressures less
than 0.05 atmosphere. 'Hence, the vapor pressures of the alkall metal
oxides st 1366° K are considered negligible.

A list of substances with non-negligible vapor pressures as definped
herein follows:

Substance | Vapor pressure at 1366° K, atm

Na 3.62

Rb 18.3

Cs 13.7

Sr 0.11 i
cd 15.9 )
Tes 2.1

CsBr 0.14

CsI 0.20

cdo 0.10
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The substances which are in the form of gases are cesium, rubidium,
cadmium, tellurium, krypton, xenon. The sum of the number of molecules

of these substances present according to teble IV is 24.7x1018. To this
should be added the total of 1.35X1018 possible additional atoms of
¥el28 gnd xel30 from unreported mass numbers 128 and 130 which gives
a total of 26.05X1018 molecules of gas or 77.3 atmospheres.

There remains sodium, cesiwm, bromlne, and cesium iodide; the vapor
pressures of which contribute an additional 3.96 atmospheres, making =
total of 81.36 atmospheres. If this value 1s corrected by the factor
1.045, the final pressure becomes 85 atmospheres.

For purposes of comparlson, calculations are presented for case 2,
wherein the sodium is replaced by an lmert substance exerting no vapor
bressure. Here Tep, O2, Kr, and Xe will be present as gases and
their pressure contribution is 82.8 atmospheres. In addition, CsBr,

Cel, and Cd0 contribute 0.44 atmosphere for a total of 83.24 atmospheres.
This value is now augmented by adding the 5.5 atmosphere eontribution of

xel28 gng ¥el30 and then correcting the sum of the factor 1.045, so
that the final pressure is 92.7 atmospheres.

In order to set & maximum on the attainable pressure, case 3 where
no chemical interactions occur 1s presented. ¥Now the gases present are
rubidium, cadmium, oxygen, tellurium, bromine, iodine, krypton, ard
xenon, which contribute & total of 287.5 atmospheres including the Xel28
and Xel30., 1he vaepor pressures of sodium, cesium, and strontium add
another 17.4 atmospheres for a corrected grand total of 319 atmospheres.

Pile Shutdown Period

As can be seen from the summation for the first two ceses at the end
of the preceding section, the gases always contribute the major part of
the total pressure and the importent geses are cesium, rubidium, krypton,
and xenon. Hence, the calculations to determlne whether the pressure at
any time after pile shutdown exceeds that existing at t; may be
simplified by considering only those chains which contain an apprecisble
percentage of these four elements. Caleulations of the number of atoms
of the four geses, cesium, rubldium, krypton, and xenon, show that at the
end of 2 hours of shutdown there is only a very slight lncrease gbove
that number existing at shutdown and even after 50 hours, the percentage
increase is less than 5. The decrease in temperature 1s more than enough
to offset this increase. Hence, the possibility that the meximum pressure
within the pin occurs at some time during the cooling-off perilod is
rejected, and the maximum calculated pressure remeins 85 atmospheres.
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Precision and Limits of Results

The case of no chemlcal interactions sets a maximum for the pressure
which is obviously too high. This case is unrealistic and will not be
considered further.

Although the thermodymamic computations were of a simple and crude
nature implied by the assumptions that only two-element compounds were
formed and that all reactions proceed until one of the reactants is
completely exhausted, 1t can be shown that the pressures as computed are
accurate to within sbout 30 percent. This accuracy arises from the fact
that the pressure 1s due mainly to the gases present in the pin. In the
least favorable case, the gases contribute 93 percent of the total pres-
sure. Inasmuch as the halides of the metals possess very small vapor
pressures and all the oxides can be considered to exert a negligible
pressure, 1t is only necesssry to consider those elements which at
1366° K are geses or possese large vapor pressures. If it can be assumed
that very little free oxygen 1is present in the pin, the elements to be
congidered are- xenon, krypton, rubidium, and cesium. Therefore, a very
good estimate of & meximum may be arrived at by adding the pressure due
to considering only these four elements in the uncombined state at 1366° X
and the vapor pressure of sodium if scdium is to be present. The point
that must be emphasized is that free oxygen can only be present in very
small amounts 1if this maximum is to hold. For case 1, this last condition,
of course, holds true. For case 2, it is obvious thst this condition is
not fulfilled.

An estimate may also be made of the minimum pressure that occurs
within the pin by Just considering the inert gases xenon and krypton plus
the vapor pressure of sodium if sodium is present. In every instance,
these two gases, contributed at least 70 percent of the total pressure
provided agair that the assumption can be made that very little free
oxygen is present in the pin at the equilibrium composition.

This method of calculating the pressure in the pin at 1366° K yields
a very good approximation to the pressure as calculated and hence offers
& simple method for estimating the pressure existing in the pin at shut-
down 1if the assumption can be wade that only & small amount of free oxygen
is present in the pin. At times less than shutdown, this approximate
method wherein only the quantity of xenon, krypton, rubidium, and cesium
need be determined can alsoc be used to estimate the pressure in the pin.

At temperatures below 1366° K, this simplified method may be applied
wlthout change, the proportionate effect of rubidium and cesium on the
total pressure decreasing as the temperature drops because of their
rapidly decreasing vapor pressures. However, &t higher temperatures, the
calculations become more complex as the oxides, the halides, and elements
other than the four considered begin to exert significant vapor pressures.

2420
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It should be noted that, xenon by itself exerts more than 60 percent
of the pressure as calculsted for each case so that a fairly good esti-
mation of the pressure in the pin may be obtained Just by a consideration
of xenon alone. 1In a pile of lower thermal flux, the proportion of xenon
is slightly reduced, cesium gaining at the expense of the xenon.

DISCUSSION
Pactors Affecting Pressure

As the general anelysis impliied, the variables that are important in
the calculations considered are: (1} the thermsl neutron flux, (2) the
free volume of the pin, (3) the operating temperature, (4) the shutdowm
time, and (5) the fuel. These factors are discussed in the order indicated.

Thermal neutron flux. - The example has shown that for U235, the
(nv)cc term mey be neglected so that the mumber of molecules (and the
pressure) vary linearly with the flux. Thus, the pressure for any other
flux (everything else remaining constant) can be found directly from the
values in these tables. If a different fuel is used, it becomes necessary
to redo the calculation in order to determine the importance of Xel35,

Fuel volume. - It seems reasoneble to assume that the pressure will
be due mainly to gases. If this is the case and the ideal gas law 1is
used, free volume also affects the pressure linearly except that the
relation is one of inverse proportionality. Note that & compromise must
be reached inasmuch &s an increase in free volume lowers the over-all
heat-transfer coefficlent, resulting in higher temperatures within the pin
for the same temperature rise of the coolant.

Operating temperature. - The dependence of the pressure on the tem-
perature is quite complicated. Of course, for the gases, the relation
is again linear. Nevertheless, the important effect is gqualitative,
that is, the temperature determines not only the states of the substances
but also, to some extent, thelr chemlcal composition.

In this connectlon, it may be mentioned that at temperatures below
1366° K, the simplified method of computing the pressure, which was des-
cribed in the preceding section, mey be applied without change because
the proportionate effect of rubidium and cesium decreases because of
lowered vapor pressures. At higher temperatures, however, the calcu-
lations become more complex as the oxlides, the halides, and elements
other than the four considered herein begin to exert significant vapor
pressures.

In general, temperature will strongly affect the computation ip
Section I Dbut will leave g8ll results in Section ITI unchanged.
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Shutdown time. - The expressions in appendix B show clearly that the
nunber of atoms of each isotope is & complicated function of time. Thus,
the number of atoms of & glven element are even more complicated functions
of time. Any change in the shutdown time, therefore necessitates a
complete recalculation of results from start to finish. It should be
remembered, however, that the number of atoms of each element (and hence
the pressure) increases monotonically with the time.

Fuel. - Although U235 geems to be the preferred fuel in the
majority of cases at this time, as more data on other fuels become avall-
able, they will undoubtedly be used in some designs. Because the fission-
yield curve of each fuel is unique, calculations for each would have to
be made anew. Reference 3 seems to indicate that the same elements would
be present in all the known fuels as are present from U235 fission, but
the amounts of each vary from fuel to fuel.

OTHER FACTORS

A discussion of the specific design for which calculations were made
in the example will illustrate some of the other factors which may affect
the pressure.

In preparing the list of oxides that form in the pin at 1366° K, the
most stable oxide of the metal was chosen and no oxide was considered
unless 1its free energy of formation at 13660 K was more negative than
10 kllocmlories per gram-atom of oxygen. Inasmuch as these most stable
oxides generally have a lower ratio of oxygen to metal than other possible
oxides that might exist at the operating temperature of 1366° X (see
table III) and oxides such as Te02 and RuO; probably will form in the
high free-oxygen concentration found for case 2, it is very probable that
a very much smaller smount of free oxygen would exist than that listed in
the pressure tabulation for case 2 in which event the pressure for case 2
might decrease from that calculated by as mich as the pressure due to free
oxygen, 27.6 atmospheres. Consequently, 1f no appreciable amount of free
oxygen were present in the pin in case 2, the total pressure would be 64.0
atmospheres instead of the velue 92.7 calculated. Because oxygen is so
important in the calculations for pressure, it would seem that the presence
of an oxide former of comparstively low vapor pressure is desirable.

In regard to sodium, Na,0 decomposes into its primary constituents
at some temperature sbove the melting point of 1000° K. Thus, it is
impossible to say with certainty that the presence of sodium serves to
reduce the pressure.

2420
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SUMMARY OF RESULTS

An analysis of the general problem cof caleculating the internal pres-
sure in the fuel tube of a muclear reactor was made. The calculation may,
in general, be broken down In the following manner:

I. Calculaetion of Number of Atoms of Fission-Product Elements
(a) Pile Operating Period
(b) Period Following Pile Shutdown
IT. Calculation of Pressure
(a) Calculation of Chemical Composition
(b) calculations of Pressure Contributions of Compounds

In practice, the number of calculations may be reduced if performed
in the following order:

(1) I(=); (2) A1l of IT; (3) I(b); (4) A1l of IT.

A simplification of the calculations of maximum pressure developed
during operation has been presented in the form of a proof that each
fission product is monotonically increasing. This means that during
operation the maximm amount of each fission product is present at time
of shutdown. The importance of this simplification lies in the fact
that in order to determine the maximm amounts of fission products during
operation, it suffices to make calculations Ffor the single time value
ty; shutdown time.

The general analysis 1s applied to a closed reactor system consisting
of 90 percent enriched UZ3® in the form of U0, packed in a small pin
operating at a flux of 8x1014 at 2000° F. These calculations show that if
the reactor is run for 106 seconds a design velue of 100 atmospheres
internal pressure would sufflice since the most probable pressure is ebout
85 atmospheres and 85 atmospheres 1s conservative.

For this case the bulk of the pressure has been shown to depend on
the amounts of the four elements xenon, krypton, rubidium, and cesium
present in the pin. The amount of free oxygen present 1s also important.

Lewls Flight Propulsion Laboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohlo, January 17, 1952.
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APPENDIX A

It is obvious that during operation, a stable isotope will continue
to increase and alsc probably during shutdown as well, if it is formed
from a_series of radiocactive isotopes. Therefore, only the radiocactive
isotopes formed from fisslon need be examined.

The equation for the nmumber of atoms of a parent isotope is given

by
Ne o Y
sD "n-1 _ Bn-1t
Nn"l,r = an_l (l e )
where
an-1 = My + (ov) o o
and

'l:.<1;s

where tg 1s the time of operation of the pile up to shutdown. Thus,
Nn-1,r increases monotonically because

d‘wn-l 'Y o

“8n.3 t
—at =~ ¥z,p o1 © >0
for all t < ts

Now

dN.
l,r
dt’ =M1 Npog,r * Ne,p ¥n = 8n Ny pp

dzN_n A Ay1,r _ dNn,r
dt% n-1 gy T
If Nn,r reaches a maximm at ty< tg then at to,

aNp v
dat

3N, .

dat

= O
and

< 0

2420
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aNy,.
However, ndi" Z >0 for all t. Therefore, no maxima or minima of

Np,r Occur during operation.

dn.
Furthermore, —-Exfl’—r-> O for all t < tg. For at t =0, Np,» =0,

an,
whereas at a time close to t = 0, Ny , > O_ so that ;‘Er >0 for

some t such that t < tg. In order for _g.tﬁ to be negative, it

would have to pass through the velue O because N, n,r is & conbtinuous
function of t with continuous nth order deriva.tives at all points.

aN,
Successive application of this argument shows that _3._1'. >0 for
all t such that 0< t < ty &nd all n. Therefore, the mumber of atoms
of each fission product ie a meximm at the time of shutdown.

The preceding analysis has shown that the number of atoms of any
isotope increases with time while the reactor is in operation and that
no maxims exist.
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APPERDIX B

An attempt will be made here to include at least one celculation of
every type which is Involved in obtalning velues for table I. Included
are (1) plural fission yields with the same mass number, (2) "branching"
or plural daughters, (3) plural parents, (4) case where the (nv)cc term
Plays a significant role.

Xenon is the most important element for pressure consideratlons,
therefore calculation of a few of the most important chains involving it
should prove interesting.

The first step in the calculation of Xel32 is to write down the
"pedigree" of the isotope. From reference (1) (or (3)}), the chain is
found to be:

Sblsz-—bTelsz-—bllsz-bXelsz(stable)

Now recourse to equations (1) to (3) may be had. There is only
one chaln to conslder for mass mumber 132 and there are no plural
parents or daughters in it. For this chain Sb 1s the parent, Te 1s
the first daughter, I 1is the second daughter, and Xe is the stable
third dasughter, so that the number of atoms of each will be designated,
respectively, by Nys Nl, N5, N3z with Nz being stable.

From equation (3.1), it follows that:

t
-a~t t
Ng=¢ O NeY, €200 at
0
where
%0 =%
NgY,
N, = 1’§O—° (1 - &Pt (81)
Also
t
..L_Lt t!
Ny =e (NpY; + AgNp) e at!

0
which becomes upon substituting equation (Bl) for N>
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YA +Y Y, AqY
otli 0 Ayt 1 ( o%o ) -M{I
Ny = N - e - Y, - e (B2)
o [ AT R M\ AR
Similarly, the expression for Nz 1is

X TR Oy

e D) ™ 2 b)) o

Finally, equstion (3.2) yields

Nz = ’ AN, dt
0

The YzNp term is missing because Yz 1s zero a.ccoré.ing to avall-
able data. Upon integration

Ay M Y, . 7‘.2 i AoYo
Nz = Te Y= IR RT M)~ KL (ha-AD) (1 ST

- o 28)

MM -At

(Yo + T +Tp) &t + RO R i) e +

% be - (- 253)]
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From reference 2, 1t is seen that:

Y, = 2.85%10~2 Ay = 2.32X10~3 gec-1
Y, = 9.12x10"° A; = 2.50X1076 gec1
Yo = 3.8X10"4 Az = 8.02X10~° sec~1

If these values along with t = 106 and Np = 7.37%1015 are substituted
into equation (Bé), the result will be 1.74X1018 as glven in table I.

It should be noted that although reference 2 gives a fission yield
for each independent isotope, neither references 1 nor 3 gives this
information directly. These values could also be cobtained from these
references by subtracting the given yields from that for the last member
of the chain. Such a procedure is umsatisfactory in this case because the
data for individuel members of the chain have been taken by different
investigators and there is no monotonic increase of yield with atomic
number.,

The chains for Xel51 and Xe154 are of exactly the same length
as the preceding ones so that equation (B4) may be used directly for
these isotopes using the yleld and decay constants for the elements of
mass pumber 131 and 134, respectively. The double entry in the TelSl

column is due to the two isomers of TelS3l,

The XelS5 calculations are of interest, first because it is an
example of both plural daughters and parents, and second because the
(nv)o, term is important. The chain is

136

o 40 1Xe155 ~Xe

Te135__.1135 5
135__»(38155__‘3&15

L)
(0] oXe
1§N6utron capture)

If the chaln is broken up into the following cases, the previously
derived equations may be used to obtain the pumber of atoms of the
xenon 1isotopes: xel36

135 135 e135

— 11 fe —, X 135

(1) Te — (8

o196

2420
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(3) Tel3S 1135_.2 xel35__50s135

(4) Tl 135, xel35pxel56

For ZXel35, equation (B3) may be used with the following simple
modifications:

_ The Np factor is multiplied by the branch yield, 0.1, and the

Y]_Xelsé is divided by it, also the135 is replaced by alXelss' The

pertinent data are

- -2 -2 -1
Y 185 = 3.84X10 M o135 = 1-93X107° sec
= . xu)'z -
Y1135 1.83 7‘-1135.._;1Xe135 = 2.88%X10"° sect
Y . -4 N 135 = 8.9X10"% sec™l
lxelss = 2.36X10 1Xe

The (nv)oe term = 2.4X1073 sec™l so that & el35 (2.4 + 0.89)

"x10~3 = 3.29x10-3. If these values be substituted into the modified

equation (B3), a value of 1.32x1014 atom will be obtained as glven in
table I.

The number of atoms of o Xel3® in chains (1) and (2) is given
by & formula Ffor Nsr vhich is not among equations (Bl) and (B4). The

equation which describes N gelss is:

Ne Y
e zXe135

" Toxel® o (av)oe)
A N - + {av)o
a0 qxel3S T xel®S T VW xel3S ¢’ " oxel35

The integrated form is more complicated than equation (B4). How-
ever, the exponential terms are negligible so only the constant term
enters into the calculstions. This term is

A
N Y 1xet® (Y Y 107
135 + 135 + L1135 + 135)
a € e I Xe
10 & re1s5 | 2° 2 xeld5 T I
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With the additionsl - -5 -1
onal data, the135 2.08%107Y sec and Yéxe135

YZXe135 = 2.13x10'3, the preceding expression becomes 5.51x1013, which
is the value glven.

The number of atoms of ZXe155 formed from chains (3) and (4) is

found by using modified equation (B3), with the branch yield now being
0.9 instead of O.l.

The final significant series of calculations 1s the one leadlng to
the number of atoms of Xel®6. This isotope is stable but it has several
sources of formation: (a) The iXelss; (v) 2X.e155 in chaine (2) and (4);
(c) the simple chain TI196.3Xel36; (4) the chain 1137—-51Xe136; (e) end,

according to reference 3, there is & 3 percent direct filssion yleld.
Calculations of the (c) and (d) type have been done already and will not
be repeated. For (&) and (b), equation (3.2) is modified so that

t
Nye136 (from ;Xel3%) = (mv)oe N.]_Xel35 at’

0

Otherwise, there is no change. Calculations of type (e) are very simple,
the applicable egquation being

Ne Y t
NXelss (from direct fission) " O Txel38

If the difference in fission yleld of T136 and Xel36 in reference 3

is baken as Yy, 136, there is an additional 2x1018 atoms of Xel®® or

gbout 6 more atmospheres than have been calculated in the body of this
report.

Finally, if the corrected g, of 1x106® varns is used instead of

6 N
3X10° barns, Nixelss will be twice, the NéXe155 from chains (1) and

(2) would be 5.4 times, and that from chains (3) and (4) about three
times the values in table I. But what is more important is that N, 13g
is not changed significantly, except that the direct fission yield 1s
only 2 atmospheres lnstead of 6.

2420
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TABLE I - FIMEEH OF ATOME OF EACH FIGSION-PROUUCT ISOTCEE AT SHUTDCHN

Maps| Chein Fazber of Atoms
As Be Br X Kb Br Y Ir 1] Ho
g1 1 [s.emaoll |{s.36m0® 9.72m0%% | 6.38:0%5
g1 & |s.osx022 152300 | 1,08a0"7
et| 1 z.o0an’3 z.65001% | 2.0m00%  £.0mapt’
es| 2 5.56x10l4 | 2,0000%% [ 1.60a01%  1.G1a0t7
B 3. 7exapl® L.53a0® 8.8%a0%7
85| 1 £.owaott | 1.600a018 7,880
g 2 +42apt? 1.7230017 | 2.01x1012
ar| 1 s.53a08 4.3n1016
o7| 2 1.5maplt 1.30a018 | 2,01a0t8
o | PTG s.ea018 | 5,970075 | 85400018
- B9 7,000l | 4.5000% | 3,.18a078 | 2.5a017
% 145001 | 5420012 | 5,76a018 | 7.6maplt 8.92x)plé
|1 1.3na01% | 1.31:10M8 | 8.08a018 | 7.03x02% 1.l | 1.0wig1?
s1f 2 2.06:083 | 1.97a0%° | 1.2200017 2.10610'9 | 3,8a017
ot | &.8000% | 4.99a012 | 5.5800%8 7. 70008 4135018
93 2,17x101E | 2. 530014 | 2.500018 2.29:0%7 +.19apl8
94 3.6map’ | 2.3ma02 | samsapit 7981015 4.580018
o5 1 2. 3Rx1014 8.78a0l5 | 3,00a0%% 2,38a018 | 1.43ma0M
s | 2 1.13x018 4. 20018 251017 | 2.08w1015
a1 2.05x018 3.920a017 2.9%a01¢ 4.15x1018
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TABLE I - NUMBER OF ATOMI OF EACH FISSTON-PRODUCT TEOTCGPE AT SHUTDOWN -~ Comtbinned.
Mass |Chaln Rumber of Atoms
Mo Te Ru Rh Pd cd In
99 | 1 | 1.awaol?| 1.2ea0'® 2.s0x1017
99 | 2 | 1.ee0qpl8 2.64x1018
101 4,56x1015 4.39x015 3.8va0'8
102 5.084101° 1360 3. 1001018
105 | 1 2.22a018 | 2.00x101% 2.3x107
103 | 2 6.90x1018 6.0x1015
105 1.94x015 1.82x1015 1. 75x1018 1.385x1017 5.79:017
106 3.85x1017 5.47x101L 4.16x0%5
107 4.50%1012 5.06x1013 5.061014 1.47xa017
us | 1 2,106 1.71x0%  5,25x10%6
ns | 2 5.2x1015 5,0x101%

82425H WY YOVK
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TABLE I - NUMBER OF ATOMS OF EACH FISSION-FRODOCT ISOTOPE AT SHUTDOWN - Continued.

I;mas Chain Humber of Atoms
8b Te I Xe C= Ba
127 | 1 [.omao’®| 1.36:00%8 5.83x015 [ 4.21x1014
127 | 2 [5.21x1018 5.1%31015 | 6. 6x1016
129 [ 1 [5.02:0%| 1.20a017 1.89x0M* | 1.6x1016
129 | 2 J1.29x0%6 56121015 | 5.81x1017
181 5.75%1018  5.27m1015 | 1.51%1018 8.50x1017
138 %.osﬂol" 1.02x1018 3.20x10%6 1. T4x1018
153 1, 7exaott 1. 720018 4.13x1017 1.75x018 1.44x1018
134 5, 7231013 1.17x1018 1..85%30%6 3.89x1018
155 | 1 1.46:013 1.45%018 |1.322:a01% 5.51x0%% | 1.11%1015
135 | 2 1.32:0014 1.31x1017 1.61x1015 3.25x016
138 §.79%014 4.42x1018
By 34750087
b3 752018
C2.21x1017
137 | 1 6.13x1012
137 | 2 8.16x1013 1.24x101° £.35q018 (5,60t 7.07x1014

(a) From 135 chain 1.
(b} From 155 chain 2.

{c) From 137.
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i TABLE 1 - NUMEER OF ATOM3 OF EACE FISSION-PRODUCT ISOTOPE AT SEUTDOWN - Coneluded.
Mass| Chaln Number of Atoms
I Xe Ce Ba, La Ce Pr Nd 8L Sm Bu
138 2.00015| 8.24x10%% | 1.300018| 4.7041078
139 4. 700018 2.07a0l4 | 2781015 | 5.42x0015 | 4.50w1008
140 5.19a013 | 2.55:a014| 5.360018 | 3. 65¢1017 | 7.81017
141 4.870012 | 5.63:10M | 8.72x1015 | 8.36:1016 | 5.6900%8 | 5.710017
142 2.750014| 1.9800"° | 2,69:1016 | 4111018
143 6.48x1015 | 6.8831017 | 2,59x1018 | 7.15w1017
144 1.79x00%° | 3. 71:01018 | 1.64x10M¢ | 5.41x10¢
145 £.56x10%4 | 3,28x1016 | 8.268x1018 | 5.4151018
146 3.54x1015 | 8.30x10%3 | 2.94x1018
147 1.36%1018 | 5,59:0017 | 1.13:0%°
149 8.1210%° | 2.48x10%7 | 7.700007
151 5.86M0%2 | 5,85x1034 | 3.68a0%7 |2.025M01¢
155 g.50x1012 | 2.6700%6 |8.42x1016

9242SH WY VIVNH
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TABLE IT - NUMBER OF ATOMS OF FISSION-PRODUCT ELEMENTS AT SHUTDOWN

Element metals Number of stoms
Rb 2.79%1018
Cs 5.84
Sr 9.724
Ba 8.09
Y 4.08
La 5.08
Ce 13.07
Pr 3.25
Na 8.49
(61) .81
Sm 1.17
Eu .08
zZr 9.51
Nb 8.87
Mc 5.60
Te 2.94
Ru 9.38
Rh .36
Pd .83
Cé .03
In .05
Sb .08
Te 1.254

Active Nonmetsls
Br 0.12
I 2.78
o8 147.4
Inert Gases
Kr 1.25
Xe 17.07
Na 13,570

(a)Oxygen is released from UO, when

the uranium fissions.

NACA RM E52B28
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TABLE 11T - THERMODYNAMIC PROPERTIES OF THE POSSIBLE TWO-ELEMERT COMPOURDS

THAT MAY BE FORMED WITHIN A PIN

Compound | APyzgg, koal Compound AF1z6gs keal
NaBr -59.0 Neg O -52.5
Ne I -47.3 Rbo0 -31.8
Rb Br -64.0 Csg0 -31.6
Rb I -53.0 8r 0 -106.9
Cs Br -66.6 Be O -101.8
Cs I -56.3 1/3 Y50z -119
Sr Bry -132.2 1/3 Ley03 -122
8r I -107.7 1/3 Cep0gz -119
Ba Brp -136.5 1/2 ce0g -93
Ba Ip -110.6 1/3 Pry0g -118
Y Brx -140 1/11 Prgdq -97
Y Iz -92.5 1/3 Rd,03 -117
1a Brz -163.3 1/3(61)205 (-115)
la Iz -115.5 1/3 Sm,0x -113
Ce Brxz -158.3 1/3 Euy03 (-115)
Ce Iz -112.9 1/2 zr og -97.7
Pr Brg ~157.7 1/2 Rb 0p -66
Br Pr Iz -11:.9 1/5 CbgOg -62.5
Nd Brz -157 1/2 Moog -4l
§d I -106.5 1/3 MoOz -31
(61) Brz -153 1/2 Teoy (-36)
(61) Iz -104.5 1/2 Ruog -(<5)
Sm Brx -150 1/4 Ruo, -(<5)
Sm Ig -100.5 RhO -(<5)
Sm Brg -137 1/3 RhpOg -(<5)
Sm Ip -1led P3O -(<5)
Eu Brz -136 1/2 pdog -(<5)
Eu Iz -84.1 1/3 Pa0g -(<5)
Eu Brp -143 cép -22
Bu Ip -119.3 1/3 Ing04 -40

1/3 Sbpos -45.3

31
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TABLE IV - EQUILTERIUM COMPOSITION IN PIN AT SHUTDOWN

Substance Number of Molecules
Case 1 Case 2
CsBr 0.12x1018 | 0.12x1018
csI 2.78x1018 | 2.78x1018
La,03 2.54x1018 | 2.54x1018
Y,03 2.04x1018 | 2.04x1018
Ce 03 6.53x1018 | 6.53%1018
Pry0x 1.63x1018 | 1.83x1018
N&,0x 4.24x1018 | 4.24x1018
(61)505 402018 | . 40x1018
Eug0s .04x10%8 | .04x1018
Sm,03 .58x1018 | .s8x1018
sr o 9.72x1018 | 9.72x1018
Bao 8.09x1018 | 8.09x1018
Zr0, 9.51x1018 | 9.51x1018
NbO, 8.67x10%8 | 8.67x1018
Nap0 39.19%10%8 | cemmeee
Sbp0z | —=memm—ee- 04x1018
MoOg | mmmcmmmaeo 5.60X1018
In,0x | =m-===--m- 0.03x1018
TeOp | =====eme-- 2.94x1018
Rbg0 | ===meemee- 1.40X1018
C830 | mmmmmmmee- 1.47%1018
C80 | mmmeemm - .03x1018
Ne 1.355%30%2 | commccene
Rb 2.79x1018 | ~cnmeeee
Cs 2.94¢1018 | cmameaeo
Mo 5.60X1018 | ccemmeeee
Te 2.94%1018 | ceeccaeo
Ru 9.38x10™8 | 9.38x1018
Rh .36%x1018 | .36x1018
P .73x1018 | 73x1018
cd .03x1038 | coceeo o
In 05%X1018 | cemceae
sb .08%1018 | coeeo
Teg 1.254x1018] 1.254x1018
Op | mmmemmm———- 19.01x1018
Kr 1.25x1018 | 1.25x018
Xe 17.07%1018 | 17.07%x1015
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